[1] We present vertical wave number spectra of wind fluctuations using data with a height resolution of 25 m observed near the mesopause by 64 chaff rockets. Direct measurement of Brunt-Väisälä frequency allows accurate calculations of spectral amplitude and local Richardson number. Individual vertical wave number spectra reveal considerable variability in both slope and amplitude, which is not consistent with the predictions of various saturation models. Mean vertical wave number spectra observed at different locations and seasons show great similarities. While the spectral amplitude predicted by the linear saturation model or saturated-cascade model is comparable to the spectral amplitude of the observed mean spectrum, those spectral amplitudes predicted by other saturation models are larger than the observed mean amplitude within a factor of 3. However, mean vertical wave number spectra observed at 69°N exhibit significant seasonal variation with a shallower slope of À2.40 and a larger spectral amplitude of 2.6 Â 10 5 (m 2 /s 2 )/(cyc/m) at m = 1/(4 km) in winter compared to that spectrum observed in summer. Very large mean wind shears, as high as 42-77 m/s/km, are observed to be present at several heights near the mesopause. Such strong mean shear profiles, together with the Brunt-Väisälä frequency squared N 2 profiles, act collectively to produce dynamical instability regions of local Richardson number Ri smaller than 0.25. These regions are found to correlate well with the saturated gravity wave spectra. In contrast, the stable region of local Richardson number Ri larger than 0.4 observed at high latitude in winter is found to associate with an unsaturated gravity wave spectrum.
Introduction
[2] Gravity waves play central role in the mesosphere and lower thermosphere, where they determine the large-scale circulation and thermal and constituent structures. Gravity waves achieve large amplitudes and break when propagating away from the region of their generation into the mesosphere and lower thermosphere. Breaking waves generate turbulence and significantly influence the wind, temperature and composition structures in this region. These effects are now understood to be important for global atmospheric dynamics and structure processes [Lindzen, 1981; Fritts, 1984] . Convective and dynamical instabilities are thought to be most important mechanism of gravity wave breaking. Recent theoretical and observational studies have contributed greatly to our knowledge of gravity wave scale, spectral character, and instability dynamics [Fritts and Alexander, 2003] .
[3] It is thus quite important to describe the mesoscale fluctuations, to understand their spectral character and instability dynamical processes, and to assess their effects on the atmosphere. During the last 20 years, vertical wave number spectra of horizontal velocities have been observed in different atmospheric regions using a variety of techniques including MST radar [Smith et al., 1985; Fritts and Chou, 1987; Fritts et al., 1988; Tsuda et al., 1989] , rocket [Dewan et al., 1984; Widdel, 1990, 1992; Wu et al., 2001] , and satellite [Wang et al., 2000] . These observational studies appeared generally to be consistent with predictions of various saturation models with a slope near À3 at high wave number. However, nearly all of these previous studies reported data obtained during just a few hours or a few days of observations. Very little information about seasonal features in wave spectra is currently available. Although lidar provided seasonal characteristic of the atmospheric velocity spectra [Senft and Gardner, 1991; Beatty et al., 1992; Senft et al., 1993; Hostetler and Gardner, 1994; Gardner et al., 1998 ], most of these velocity spectra were estimated by scaling the density spectra using a fixed value of 5 min for the Brunt-Väisälä period.
[4] Several models have also been proposed to explain the features of observed spectra. The linear instability model [Dewan and Good, 1986; Smith et al., 1987] , the Dopplerspread model [Hines, 1991] , the nonlinear wave diffusion model [Weinstock, 1990] , the diffusive filtering model [Gardner, 1994] , the saturated-cascade model [Dewan, 1997] , the enhanced saturation model [VanZandt and , and the background wind model [Eckermann, 1995] suggested the importance of the instability, the Doppler effect, the wave energy dissipation, the cascade processes, the increases in atmospheric stability, and the background wind effect. Today the most widely applied models are the linear instability model, the Doppler-spread model, the nonlinear wave diffusion model, the diffusive filtering model, and the saturated-cascade model. In spite of much the same spectra predicted by all the models, the fundamental physics, upon which these models are based, are required to be tested by observational data [Gardner, 1996; Hines, 1998; Gardner, 1998 ].
[5] On the other hand, the mechanisms that contribute significantly to the wave saturation in the middle atmosphere are thought to be the dynamical and convective instabilities in the wave field [Fritts and Rastogi, 1985; Fritts and Alexander, 2003 ]. However, it seems difficult to distinguish the saturation due to these instabilities because it requires simultaneous in situ measurements of the horizontal velocity with high resolution and sufficient accuracy and temperature.
[6] The experiments of the MAP/WINE, MAC/SINE, Sodium 88, DYANA, and NLC campaigns performed during the summer and winter of 1984, 1987, 1988, 1990, and 1991 , respectively, provided us with a high-quality data base on horizontal winds with a height resolution of 25 m obtained from the chaff rockets and temperatures with a height resolution of 1 km obtained from the falling sphere rockets launched (in most cases) close in time to the launch of the chaff rockets. The data make it possible to study seasonal features of velocity spectra and saturation mechanism. The direct measurement of the temperature data allows accurate calculations of spectral amplitude and Richardson number Ri. Our purpose in this study is to present the character and variability of motion spectra, to examine the consistency of the observed mean spectra with the saturated spectra of gravity waves proposed by various saturation models, and to identify the mechanisms that contribute significantly to the gravity wave saturation using the horizontal winds data derived from the chaff rockets and the temperature data observed from the falling sphere rockets.
[7] The paper is organized as follows. We begin by describing the experimental technique and data acquisition in section 2. Our spectral analysis is described in section 3. Section 4 presents the features of mean spectra and examines the consistency of the mean spectra with saturation models. The mechanisms that contribute most to the saturation and dissipation are discussed in section 5. Conclusions of this study are presented in section 6.
Experimental Technique and Data Acquisition
[8] In order to study the dynamic state of the mesosphere and lower thermosphere the foil chaff rockets were flown in the MAP/WINE, MAC/SINE, Sodium 88, DYANA, and NLC campaigns. The campaigns are listed in Table 1 . As described during these campaigns, a total of 64 wind profiles were obtained between 67 and 105 km in the last 2 decades, 12 of which were measured between 71 and 90 km at high latitude during the winter (i.e., MAP/WINE campaign), 33 of which were observed between 67 and 103 km at high latitude during the summer (i.e., MAC/SINE, Sodium 88, and NLC campaigns), and 19 of which were obtained between 81 and 105 km at midlatitude during the winter (i.e., DYANA campaign).
[9] The foil chaff technique has been described by Widdel [1985 Widdel [ , 1990 . The foils were released near apogee of the Super-Loki (or Viper-3A) rockets and formed a chaff cloud. One or two precision radars were used to automatically track the center of the foil cloud and performed 20 position measurements per second. Wind profiles with a height resolution of 25 m were obtained using a polynomial technique. The smoothing technique has been described in detail by Wu and Widdel [1991] . The chaff cloud spreads out during its descent under the influence of the turbulence and shears. This decreases the signal-to-noise ratio of radar echo, and deriving reliable wind data then becomes a problem close to the end of radar tracking. Such data are excluded from our analysis. An example of the wind and wind error profiles obtained from the smoothing technique is shown in Figure 1 . Main feature of the wind profile shown in Figure 1a is that the zonal wind varies sharply with height near 90 km. As will be discussed later, such sharp variation of the wind profile will yield a wind shear as high as 180 m/s/km. Figure 1b shows that the total wind error (noise error + bias error) in each horizontal velocity component is of the order of 0.5 m/s, with a maximum value near 1.1 m/s.
[10] The wind data with height resolution of 25 m are used to derive the vertical wave number spectra of the scalar horizontal winds (u 2 + v 2 ) 1/2 . Since various saturation models predict that the spectral density varies as BruntVäisälä frequency squared N 2 , it is very important to measure simultaneously the temperature profile. Fortunately, in the last 2 decades a series of 87 temperature profiles with a height resolution of 1 km were obtained from the Zahn, 1987; Hass and Meyer, 1987] , 26 temperature profiles were measured at AndFya during the MAC/SINE campaign [Thrane, 1990] , and 19 temperature profiles were obtained at Biscarrosse during the DYANA campaign [Offermann, 1994] . These temperature profiles provided temperature measurements below 94 km. However, the simultaneous temperature measurements above 94 km were not available. The temperature data above 94 km are taken from the COSPAR International Reference Atmosphere (1986) model. An example of the resulting mean temperature and N 2 profiles for the MAC/SINE observations is shown in Figure 2a and 2b. Based on the N 2 structure in Figure 2b , the weighted means of N 2 is 6.6 Â 10 À4 rad 2 /s 2 in the height range of 67-103 km, corresponding to the height range obtained from 33 spectra of the horizontal velocity. Von Zahn and Meyer [1989] and Lübken et al. [1990] showed that the temperature profile in Figure 2a had an artificial dip near 72 km. It was either caused by imperfect modeling of the Mach 1 transition of the falling spheres or the inaccuracy of the drag coefficient in this flow regime. However, the artificial dip near 72 km has small effect on the mean N 2 value because on the one hand the chaff rocket measurements below 74 km have only two wind profiles and on the other hand we use the weighted mean to obtained the mean N 2 value. Similar mean temperature and N 2 profiles for the MAP/WINE and DYANA campaigns as well as 64 chaff measurements are also obtained from the corresponding temperature measurements. Therefore they will not be shown. , suggesting either that convective instability is not a factor in wave instability or that convective instability is present only at those heights where the vertical scales are smaller than the resolution of the falling sphere data. Considering the temperature data with a height resolution of 1 km, it would appear from the mean N 2 values that the latter possibility is most likely. This is important to bear mind when we discuss possible relations between the saturated gravity wave spectra and instabilities in section 5.
[11] Since the Gardner model (1994) predicts that the spectral density varies as mean Richardson number
, it is also important to calculate the mean square total wind shear S 2 from each shear profile. The result of the calculation is shown in Table 2 . On the basis of the N 2 values discussed above and the S 2 values in Table 2 , the mean Richardson number
Ri are 0.79, 0.67, 0.72, and 0.77 for 12, 33, 19, and 64 chaff rocket experiments, respectively.
Spectral Analysis
[12] In this section we describe our procedure for spectral analysis. The spectrum used in this study can be obtained by using an FFT routine. The technique has been well studied and often utilized in analyzing mesoscale wind fluctuations. Consequently, we will not present a complete analysis of the approach here. [13] One potential disadvantage of using the fast Fourier transform technique is the possibility that ''leakage'' will distort the high wave number end of the spectrum [Bendat and Piersol, 1975] . In order to reduce the power leakage we in this paper use the prewhitening technique, following Dewan et al. [1984] and Tsuda et al. [1989] . First, the linear trend of each wind profile is removed. Then the wind profile is prewhitened by means of a differentiating filter given by
where x i and y i are the data series before and after prewhitening, and b is taken to be 1. As is pointed out by Blackman and Tukey [1958] , the main purpose of prewhitening is to avoid difficulties with minor lobes of spectral windows. Second, a cosine taper window is applied to the differenced data, following Smith et al. [1985] . The differenced data are then transformed to the power spectral density using an FFT routine. Finally, the power spectral density is adjusted to compensate the effect of the differencing and the cosine windowing.
Observational Results
[14] Our purpose in this section is to compare mean spectra of the horizontal velocity fluctuations measured by chaff rocket with various saturation models. To do this, we first calculate individual spectra of each scalar horizontal wind
1/2 using the second method mentioned above. Then these individual spectra are averaged arithmetically to increase confidence level in the spectral power.
Summer Mean Spectrum at High Latitude
[15] In Figure 3 we present a superposition of the 33 vertical wave number spectra obtained during the MAC/SINE, Sodium 88, and NLC campaigns (left) and their mean spectrum (right). The spectra in Figure 3a clearly show the variations of spectral slope and amplitude from one rocket to another. However, in order to study quantitatively the form and variability of the spectra, we calculate spectral slope in the range of 7.8 Â 10 À5 to 0.01 cyc/m wave numbers and spectral amplitude deduced from the power law fit at m = 1/(4 km). The calculated results are given in Table 3 . The mean slope in Table 3 is À3.07. The steepest slope is À3.92, the shallowest is À2.04, and the standard deviation is 0.07. The mean amplitude is 1. . These data clearly show that there is considerable variability of the velocity spectra in both slope and amplitude. The observed variability is not consistent with the predictions of various saturation models. A similar result can also be seen from Figure 15 in work of Senft and Gardner [1991] . The Figure 15 also shows the mean slope is À2.90. The shallowest slope is À2.20 while the steepest is À3.55. The standard deviation is 0.30. Senft and Gardner also suggested that there is considerable variability in slopes of the m spectra, which is not consistent with the prediction of linear instability theory.
[16] Although the spectra shown in Figure 3a exhibit considerable variability in both slope and amplitude from one flight to another, the mean spectrum in Figure 3b is remarkably smooth and continuous due to 33 individual spectra contributing to the mean spectrum. Thus the mean spectrum can be viewed as representative of summer conditions near the polar mesopause. The sudden decrease in the slope at the right-hand end of the spectrum is probably due to measurement errors. In the range of 7.8 Â 10 À5 to 0.01 cyc/m wave numbers the mean spectrum has a À2.94 spectral slope, which agrees well the spectral slope of À3.0 predicted by various saturation models [Dewan and Good, 1986; Smith et al., 1987; Weinstock, 1990; Hines, 1991; Gardner, 1994; Dewan, 1997] . This indicates that the summer mean spectrum is a saturated gravity wave spectrum.
[17] We first consider the linear saturation model developed by Dewan and Good [1986] and Smith et al. [1987] . The saturated spectral density is given by
where N 2 is the Brunt-Väisälä frequency squared, which has been obtained from the Figure 2b , m is the vertical wave number, and a is a coefficient. Smith et al. [1987] model took a to be 1/6. However, Dewan [1997] showed that the coefficient of the linear saturation model [Dewan and Good, 1986] and the saturated-cascade model [Dewan, 1997] is the same as that of Smith et al. [1987] (referred as S or D model, hereafter). The dashed straight line shown in Figure 3b indicates the saturated spectral density given by equation (2) with a = 1/6 and N 2 = 6.6 Â 10 À4 rad 2 /s 2 . The saturated spectral density given by the dashed straight line is a factor of 0.9 smaller than the observed mean spectral amplitude, suggesting that the mean spectrum is generally consistent with the linear instability model. Next, we consider the nonlinear saturation models developed by Figure 3 . Superposition of (a) 33 vertical wave number spectra and (b) their mean spectrum obtained from chaff rocket during the MAC/SINE, Sodium 88, and NLC campaigns. The dashed straight line shows Smith et al. [1987] or Dewan [1997] model given by equation (2) with a = 1/6 and N 2 = 6.6 Â 10 À4 rad 2 /s 2 . The dot-dashed straight line indicates Weinstock [1990] model given in equation (3) with N 2 = 6.6 Â 10 À4 rad 2 /s 2 and f = 2W sin(69°). Weinstock [1990] (referred as W model, hereafter), Hines [1991] (H model for short), and Gardner [1994] (G model for short). The saturated spectral density developed by Weinstock is given by
where f is the inertial frequency. Notice that Weinstock model predicts a weak latitude dependence on the amplitude of F U (m) because the inertial frequency is latitude dependent. The dot-dashed straight line in Figure 3b shows the Weinstock's model spectrum with N 2 = 6.6 Â 10 À4 rad 2 / s 2 and f = 2W sin 69°(where W is Earth's rotation rate). The spectral amplitude predicted by Weinstock's mode is a factor of 3.3 larger than the observed mean spectral amplitude. The Hines [1991] , f = 2W sin 69°, and Ri = 0.67 are located between the dashed and dot-dashed straight lines, respectively. However, they are not shown in order to make the Figure 3b clearer. Figure 3b shows clearly the degree of agreement between the model spectra and observed mean spectrum. While the spectral amplitude predicted by the linear saturation model or saturated-cascade model is comparable to the spectral amplitude of the observed mean spectrum, those spectral amplitudes predicted by other saturation models are larger than the spectral amplitude of the observed mean spectrum within a factor of 3.3.
Winter Mean Spectrum at Midlatitude
[18] The spectral slopes in the range of 7.8 Â 10 À5 to 0.01 cyc/m wave numbers and spectral amplitudes deduced from the power law fit at m = 1/(4 km) obtained at midlatitude during the DYANA campaign are given in Table 4 . The mean spectral slope and mean spectral amplitude at m = 1/(4 km) in Table 4 are similar to those obtained at high latitude in summer, therefore they will not be described in detail.
Winter Mean Spectrum at High Latitude
[19] The spectral slopes in the range of 7.8 Â 10 À5 to 0.01 cyc/m wave numbers and spectral amplitudes deduced from the power law fit at m = 1/(4 km) obtained during the MAP/WINE campaign are given in Table 5 . The mean spectral slope and spectral amplitude in Table 5 reveal a shallower spectral slope and larger spectral amplitude, which is in significant disagreement with the predictions )/(cyc/m) at m = 1/(4 km) in winter compared to that spectrum in summer. This shows clearly that a saturated gravity wave spectrum is observed at high latitude in summer, whereas an unsaturated gravity wave spectrum is observed at same latitude in winter. This implies that the saturation processes are present and act to produce enhanced turbulence in summer, rather than in winter. We should therefore expect to produce enhanced turbulence near the polar summer mesopause. Lübken [1997] has shown that the strong turbulent heating in the mesosphere and lower thermosphere occurs at the polar mesopause in summer. This conclusion is qualitatively consistent with our observations.
[20] VanZandt and presented a theory of enhanced saturation of the gravity wave spectrum. The theory showed that the spectral slope had À3.0 and spectral amplitude became larger than the saturation limit. Although our winter spectrum has larger spectral amplitude, the spectral slope of the winter spectrum is À2.44, which diverges significantly from spectral slope of À3 predicted by various saturation models and an enhanced saturation spectrum. Thus we suggest that this winter spectrum is an unsaturated spectrum rather than a saturated spectrum or an enhanced saturation spectrum.
Mean Spectrum of 64 Wind Profiles
[21] Tables 3, 4 , and 5 show that the mean slope of the 64 observed spectra is À2.96. The shallowest slope is À1.99, the steepest slope is À4.10, and the standard deviation is 0.06. The mean amplitude of the 64 observed spectra is 1. . These data show that there is considerable variability in both slope and amplitude from one flight to another. However, the mean spectral slope of À2.96 agrees well with the slope of À3.0 predicted by various saturation models.
[22] In order to show the observed and predicted spectral amplitudes in detail, we calculate the amplitude ratio of the observed mean spectrum to model spectra. The degree of agreement between the observed mean spectrum and model spectra is determined by the closeness to unity of the amplitude ratio. The calculated result is shown in Figure 4 . Figure 4 more clearly shows the degree of agreement between the observed and model spectra. While the spectral amplitude predicted by the linear saturation model or saturated-cascade model is comparable to the spectral amplitude of the observed mean spectrum, those spectral amplitudes predicted by other saturation models are larger than the spectral amplitude of the observed mean spectrum within a factor of 3.2.
Discussion
[23] Our mean spectra have shown that the spectral amplitude predicted by the linear saturation model or saturated-cascade model is comparable to the spectral amplitude of the observed mean spectrum. On the other hand, Dewan and Good [1986] and Smith et al. [1987] argued that the saturated feature of the vertical wave number spectrum at large wave number results from the convective and/or dynamical instabilities. Thus we in this section use the horizontal velocity data with a height resolution of 25 m derived from 64 chaff rockets and temperature data with a height resolution of 1 km observed from 87 falling sphere rockets to discuss the mechanisms that contribute to the saturated gravity wave spectrum. It should be noted here, however, that the horizontal velocity and temperature data are not simultaneous measurements. Figure 4 . Amplitude ratios of the observed mean spectrum to model spectra obtained from 64 chaff rockets. The degree of agreement between the observed and model spectra is determined by the closeness to unity of the amplitude ratio.
[24] One major parameter characterizing the stability of the atmospheric flow is the Richardson number Ri
where dU/dz is the horizontal wind shear
where u and v are the zonal and meridional components. Generally, a flow can support the dynamical instabilities when Ri < 1/4 and the convective instabilities when Ri < 0.
[25] It should be noted, however, that we in this section discuss the local Richardson number Ri rather than the mean Richardson number Ri. In fact, equation (5) define a local Richardson number Ri [Balsley et al., 1983] . The local Richardson number Ri is used to examine the atmospheric stability, as shown in the papers by Liu et al. [2004] and Bishop et al. [2004] .
[26] We determine the gradients du/dz and dv/dz by a cubic spline function over 300 m using values for every 25 m. Then we derive the horizontal velocity shear with a height resolution of 25 m as a function of height. An example of the horizontal velocity shear profiles using the method outlined above is displayed in Figure 5 . This is a series of five consecutive zonal shear profiles measured during the 2.5-hour observation period on 24 June 1988. The shear profiles in Figure 5 have been moved 200 m/s/km in order to separate them on the graph. The unit for flights M-N01 is correct. Possibly the most interesting feature of the shear profiles in Figure 5 is the development of a strong shear layer that begins around 93 km (flight M-N01) and the downward motion of the shear peaks, which increase in strength with a phase velocity of the order of 0.4 m/s. The zonal shear profile of the first flight has a peak of about 24 m/s/km at 93.4 km. The next flight shows that this peak becomes larger (about 69 m/s/km) and is seen at a slightly lower height (at 92.3 km). This development (increase in shear strength and subsidence) continues, and on the last flight of this series (M-N05) the shear has reached about 180 m/s/km at 89.8 km. Indeed, strong shear layers with such stable and persistent features are not commonly observed in the upper mesosphere [Larsen, 2002] . It should be noted here that the shear peak of 180 m/s/km at 89.8 km might be overestimated due to the presence of an error peak of about 1.1 m/s in the zonal component, as is shown in Figure 1b . However, such a case does not exist for the experiments M-N01 to M-N04.
[27] Figure 5 clearly show that the horizontal velocity data measured by the chaff rocket could yield a reasonable estimate of the velocity shear. Thus we further discuss the mean atmospheric stability near the mesopause. We use two methods to examine the Richardson number Ri profile. The first method is that the mean Ri profile is obtained from equation (4) using the mean shear and mean N 2 profiles. The second method is that each individual Ri profile is calculated and then averaged. We compare the two methods and find that the dynamical instability regions of Ri smaller than 1/4 have only minor differences. Thus we in this section use the first method to discuss the atmospheric stability near mesopause. We first consider the summer mean spectrum measured at high latitude. For this purpose, the shear profiles of 33 chaff rocket measurements first are averaged arithmetically, and a 5-point running mean is applied to remove small-scale fluctuations. Second, the mean N 2 profile is calculated from the mean temperature profile in Figure 2a . Finally, the Ri is calculated from equation (4) using the mean shear and mean N 2 profiles. The resulting mean shear, N 2 , and Ri profiles are shown in Figure 6 . Figure 6a is shown only for altitudes at which five or more profiles are available in order to increase confidence in the shear profile.
[28] First, the mean shear profile presented in Figure 6a shows that the strong shear as high as 50 -77 m/s/km are observed to be present at 84.3, 82.2, and 81.0 km. These strong shears are even stronger than those observed by Liu et al. [2004] gesting that the convective instability regions are probably underestimated because on the one hand we do not have simultaneous measurements of the wind and N 2 profiles and on the other hand the temperature profiles obtained from the falling sphere system have a poor height resolution (1 km). As shown by Lidar measurements , the temperature gradient was sometimes positive making a dynamical instability less likely. Recently, Li et al. [2005] used the lidar data to show that the dynamical instability occurred with small N 2 and large wind shear. However, strong wind shear did not necessarily lead to unstable conditions due to the correlation between N 2 and wind shear. Therefore cautions had to be taken when assuming a critical wind shear limit of 40 m/s/km for dynamical instability. Second, Figure 6b indicates that the N 2 is a nonnegative profile due to the lack of superadiabatic lapse rates in the temperature data, suggesting that the atmosphere near the summer mesopause is not convectively unstable. It should be noted here, however, that the lack of convective instability in the temperature data is likely not because such instability is relatively infrequent but rather because the falling sphere system can not provide the required spatial resolution to detect such instability at these altitudes. New lidar facilities are now able to obtain wind and temperature at better than 100 m vertical resolution [Gardner and Papen, 1995; She et al., 2003; She et al., 2004] . The sensitivity of these measurements are such that both dynamical and convective instabilities can be resolved [Gardner et al., 2002; Zhao et al., 2003] . Clearly, this is an area in which additional observational studies are required.
[29] The low local Richardson number Ri smaller than 0.25 shown in Figure 6c , together with the lack of superadiabatic lapse rates in the temperature data seen in Figure 6b and the detection of a saturated gravity wave spectrum in Figure 3b , shows that a significant portion of the dissipation of gravity wave near the summer mesopause is accomplished by the shear instability rather than by the convective instability. The occurrence of shear instability, of course, does not preclude additional saturation by convective instability because the convective instability possibly occurs in those temperature data with more high resolution than 1 km as discussed above. The similar results are also obtained from the DYANA and 64 rocket observations; therefore they will not be shown.
[30] Finally, we examine the winter mean shear profile measured at high latitude. Figure 7a shows the mean shear profile. A main feature shown in Figure 7a is that the smaller mean shears than about 30 m/s/km exist throughout the observational height range. The smaller mean shears, together with the N 2 profile presented in Figure 7b , yields a profile of local Richardson number Ri larger than 0.4, as is shown in Figure 7c . This suggests that the atmosphere near the polar winter mesopause is not dynamically unstable since the local Richardson number Ri does not fall below 1/4. The stable region of the local Richardson number Ri larger than 0.4, together with the detection of an unsaturated spectrum observed at the same latitude and season, suggests that the stable region is associated with an unsaturated gravity wave spectrum. It is interesting to compare the winter observations with that summer measurements at high latitude. The winter observations show that the stable region is associated with an unsaturated spectrum. In contrast, the summer measurements show that the unstable region is associated with a saturated spectrum. This suggests that the saturation processes are present in summer at high latitude, rather than in winter at high latitude. We should therefore expect to produce enhanced turbulence at the heights where the local Richardson number Ri falls below 1/4 in summer.
[31] Turbulent energy dissipation rates have been observed near the polar mesopause using the TOTAL and CONE sensors measurements [Lübken, 1997] . This study has revealed a significant seasonal variation of turbulent energy dissipation rates. The strongest turbulent heating occurred at the polar mesopause in summer, rather than in winter. This conclusion is qualitatively consistent with our observations. However, a further inspection of the Figure 7c shows that our unstable regions only occur in the height range from 81 to 84 km and reveal a multilayered structure with local Richardson number Ri smaller than 1/4, whereas the enhanced turbulence measured by Lübken [1997] occurred in the height range from 85 to 94 km and did not reveal multilayered structure. Clearly, more observational studies are required to resolve this discrepancy.
Conclusions
[32] We have presented an analysis of two data sets near the mesopause including the horizontal wind and temperature profiles collected with the chaff rocket and falling sphere rocket at two different seasons and two different latitudes. The observations were designed to determine the character and variability of the vertical wave number spectra of the horizontal wind, to examine the consistency of the observed mean spectra with the saturated spectra of gravity waves proposed by various saturation models, and to identify the cause of the observed mean velocity spectra saturating.
[33] An important aspect of this study is the direct measurement of N, which allows accurate calculations of spectral amplitude and local Richardson number Ri. The individual vertical wave number spectra exhibit considerable variability in both slope and amplitude. The observed variability of vertical wave number spectra is not consistent with the predictions of various saturation models. [34] In spite of large variability of the vertical wave number spectra of individual wind profile in both spectral slope and amplitude, the mean vertical wave number spectra show that there is a high degree of similarity in the spectral slopes and amplitudes regardless of season and geographical location. While the spectral amplitude predicted by the linear saturation model or saturated-cascade model is comparable to the spectral amplitude of the observed mean spectrum, those spectral amplitudes predicted by other saturation models are larger than the observed mean amplitude within a factor of 3.
[35] The mean vertical wave number spectra measured at high latitude reveal significant seasonal variation. While the summer mean spectrum tends to support the linear saturation model or saturated-cascade model, the winter mean spectrum diverges markedly from the various saturation models. This suggests that the saturation processes are present in the horizontal flow and act to produce enhanced turbulence in summer. This result is qualitatively consistent with the seasonal variation of turbulent energy dissipation rates near the polar mesopause discussed by Lübken [1997] .
[36] The mean shear profiles as high as 42-77 m/s/km are observed in the mesosphere and lower thermosphere. These shear profiles with strong shear values, together with the mean N 2 profiles, act collectively to produce dynamical instability regions of local Richardson number Ri smaller than 1/4. These regions are found to correlate well with the saturated gravity wave spectra, suggesting that occurrences of gravity wave saturation near the mesopause are largely consistent with theoretical expectation of saturation via a dynamical instability. The occurrence of shear instability, of course, does not preclude additional saturation by convective instability. In contrast, the mean shear and local Richardson number profiles observed at 69°N exhibit significant seasonal difference with a smaller mean shear profile than about 30 m/s/km and a stable profile of local Richardson number Ri larger than 0.4 in winter compared to summer. The stable profile is found to associated with an unsaturated gravity wave spectrum. We should therefore expect to produce enhanced turbulence at those heights where the local Richardson number Ri falls below 1/4 near the polar summer mesopause. However, this unstable region observed in summer is found to have a multilayered structure and to be lower about 5 km than those heights produced enhanced turbulence measured by Lübken [1997] . Thus more observations in this direction are expected to be fruitful.
